In order to obtain information on the assemblage of Protozoa in the changing environment in Lake Naini Tal, this study was carried out for a period of one year from November 1995 to October 1996. Samplings were done from the mud-water interface at two stations which differed considerably in their magnitude of pollution. Station I was moderately polluted while Station II was highly polluted. Some physico-chemical parameters of water such as temperature, dissolved oxygen, free CO 2 , pH, nitrate-nitrogen, phosphate-phosphorus and BOD were also measured. A total of 23 ciliates were found at the mud-water interface of the two stations during the sampling period. The annual mean of species richness at Station I was significantly greater (19 species) than that of Station II (13 species). The species composition was also different at the two stations. In general, Station
oxygen demand (BOD) and diversity of ciliated protozoa in a freshwater reservoir (Salvado and Gracia, 1991) . They found an increase in species diversity with increasing values of BOD up to 30 ppm. Similarly, Finlay (Finlay, 1982) studied the effect of seasonal anoxia on the community of benthic ciliated Protozoa in a productive lake. He demonstrated that seasonal deoxygenation in the lake was responsible for radical changes in the resident community of ciliated Protozoa. A significant decrease in the mean density and biomass in the benthic community accompanied the disappearance of oxygen from the sediment. The density and biomass of ciliates in oxidized sediment was higher than that in anoxic sediments.
Food is one of the important factors affecting the distribution and abundance of a species. It may influence a population's chance to survive and multiply. The relationship between seasonality in protozoan populations and their food has been demonstrated by several workers (Grabacka, 1971; Sorokin and Paveljeva, 1972; Goulder, 1974; Barbieri and Godinho-Orlandi, 1989; Gupta and Shukla, 1996; Shukla, 1997) .
Biovolume refers to the amount of living material present in protozoan cells. The computation of biomass and biovolume corrects for the difference between species size and numbers of individuals. There are limited studies on the biovolume of protozoan species in freshwater ecosystems. Important contributions have been made by several workers (Berk et al., 1977; Finlay, 1978 Finlay, , 1980 Finlay, , 1981 Finlay and Uhilig, 1981; Finlay et al., 1987; Madoni, 1987; Kemp, 1988; Amblard et al., 1993; Hannah et al., 1994) .
M E T H O D
The present investigation was carried out in Lake Naini Tal from November 1995 to October 1996.
Sampling stations
To study the effect of pollution on ciliated Protozoa, two stations in the inshore area were selected. These stations varied in their magnitude of pollution, i.e. Station I (Talli Tal, southern side) was a freshwater area with low pollution and Station II (Malli Tal, northern side) was heavily polluted. The heavily polluted station was fed by a permanent drain (Metropol naullah, Malli Tal) which carried a huge amount of domestic waste and other forms of organic matter.
Sampling
Sampling was carried out at monthly intervals in the morning, between 09:30 and 11:30 hours, throughout the study period. The samples for dissolved oxygen were processed immediately after collection, whereas samples for other analyses were brought to the laboratory under a dark cover and processed/analysed within the shortest possible time. All living samples were brought to the laboratory within 1 or 2 h of collection. Analysis of the physico-chemical parameters of the water followed standard methods (APHA, 1989) .
Protozoan enumeration
For enumeration of benthic ciliates, three subsamples of sediment, diluted 10-fold in lake water (water filtered through a Whatman no. 44 filter paper), were counted in a Sedgewick Rafter chamber.
Biovolume
The dimension of each individual taxon (up to a maximum of 20 cells of each) was measured at ϫ150 to ϫ450 magnification using a calibrated ocular micrometer on an Olympus or projection microscope. Mean cell volume was calculated by equating the shape of each taxon to standard geometric configuration. Mean population volume was then calculated from mean cell volume multiplied by ciliate abundance (Leakey et al., 1993) .
Carbon biomass
The carbon biomass of each ciliate taxon was estimated by assuming that carbon represents 47.1% of the dry weight (Finlay, 1982; Amblard et al., 1993) . To determine the dry weight, the following conversion factor was used: 1 µm 3 wt wet = 0.297 pg dry wt (Gates et al., 1982) .
Diversity index and concentration of dominance
The diversity index (Shannon-Weaver Function) and concentration of dominance (Simpson's Index) were calculated using the following equations (Shannon and Weaver, 1963; Simpson, 1949; Margalef, 1968) :
Where, ni = importance value for each species (Density), N = total of importance values, S = number of species, -H = diversity index, and C = concentration of dominance.
The site
Nainital is a famous freshwater, warm monomictic lake (National Lake) having an area of 0.48 km 2 , a mean depth of 16.2 m and a maximum depth 27.3 m (Figure 1 ).
situations, sampling was carried out in the mud-water interface at two stations. The stations where the sampling took place had different characteristics.
Physico-chemical parameters
Seasonal variations of seven abiotic factors are depicted in Figures 2 and 3 . pH values at Station II were always lower than those of Station I. At Station I, pH ranged from 7.3 to 9.2, and dissolved oxygen varied between 2.0 and 16.5 ppm, with an annual mean of 7.2 ppm. Due to a greater assimilation of oxygen in the oxygenation of organic matter and in the respiration of microfauna at Station II, the available oxygen always remained lower and as a consequence of this, the BOD was always higher at Station II, i.e. 25 ppm. Free CO 2 concentration at Station II was much higher than at Station I, again reflecting oxygenation of organic matter and a higher release of CO 2 by the respiratory activities of the high density of microfauna at Station II; it ranged between 6.5 and 15.5 mg -1 with an annual average of 10.4 mg -1 . Temperature at both stations showed a similar pattern. At Station II, nutrient supply in the form of nitrate-nitrogen and phosphate-phosphorus was higher than at Station I; PO 4 at Station II ranged between 40 µg -1 and 102 µg -1 , with an annual average of 71 µg -1 .
Species content and composition
Twenty-three ciliate taxa were recorded from the mud-water interface of these two stations during the sampling period (November 1995 to October 1996) ( Table I ). The number of taxa at Talli Tal (Station I) was significantly greater (19 species) than at Malli Tal (Station II) (13 species). The species composition was also different at the two stations. Nine species were common to both stations. Euplotes sp., Spirostomum minus, Stylonychia sp., Amphileptus sp., Loxodes magnus, Stentor sp., L. striatus, Acineria sp., Didinium nasutum and Lionotus sp. were confined to Station I, whereas Glossatella sp., Vaginicola sp., Paravorticella sp. and Metopus sp. occurred only at Station II (Table I ). The number of taxa observed in monthly samples from Stations I and II also varied considerably. At Station I, the number of species ranged from seven to 19, whereas at Station II, it varied from five to 14. However, the lower number of taxa during the circulation period of the lake and the greater number during the remaining months was a feature common to both the stations (Table II) . The number of species in different feeding groups varied markedly at the two stations. The most significant changes were observed in the number of taxa of the groups 'Algivore-Bacterivore' and 'Bacterivores'. These two groups were more diverse at Station I than Station II (Table II) .
Community abundance and structure
The annual average community abundance of ciliated Protozoa was twice as high at Station II (116 ϫ 10 3 cells -1 ) than at Station I (55 ϫ 10 3 cells -1 ). At both stations, the total ciliate number showed a well-defined annual cycle. Within a year, both stations showed two pronounced (April and December) and one minor (July) peaks (Figure 4) .
The relative quantitative importance of different feeding groups of ciliates recorded at the two stations can be assessed by comparing the percentage contribution of each group to the total abundance and biomass of the ciliate community recorded during the sampling period. At Station I, the group 'Algivore/Bacterivore' was the most significant, comprising 61.1% of the ciliate community abundance and 79.5% of the community biomass (on annual mean bases); at Station II, the group 'Bacterivore' was the most abundant group, comprising 63.2% of the community abundance and 54.8% of the community biomass (Table III) .
Population density of individual taxa
The relative quantitative importance of the individual taxa can be elucidated by comparing the percentage contribution of each taxon with the total abundance and biomass of the ciliate community. At Station I, Bursaridium sp. was the most important taxon, comprising about 24.6% of the ciliate community abundance and 20% of the community biomass (Table IV) . Some other important taxa at this station, in order of their decreasing importance, were Spirostomum teres, Vorticella sp., Paramecium multimicronucleatum and P. aurelia, comprising 10.0, 8.9, 7.5 and 6.3%, respectively, of the ciliate community abundance, and 11.0, 2.2, 11.2 and 1.9%, respectively, of community biomass. At Station II, Bursaridium sp. was again the most abundant species, comprising 18.6% of the community abundance and 33.0% of community biomass (Table IV) . A few other important taxa, in order of their decreasing significance, were Colpoda sp., Paramecium multimicronucleatum and Branchioecetes sp., sharing about 12.5, 9.6 and 8.6%, respectively, of the ciliate community abundance and 9.0, 30.3 and 6.6%, respectively, of ciliate community biomass (Table IV) .
The seasonal abundance of each of the ciliated protozoan species (nine species) common to both stations are shown in Figures 4, 5 and 6. The density of those which were confined to a particular station are recorded in Table  V . The population density of only one species, Spirostomun teres, tended to be greater at Station I. However, several species including Vorticella sp., Branchioecetes sp., Bursaridium sp., Colpoda sp., P. caudatum, P. multimicronucleatum and an unidentified ciliate, were present at a higher density at Station II.
Carbon biomass
The community biomass, in terms of carbon content (on a mean annual basis), for both stations was almost the same (6.1 mg Cl -1 for Station I and 6.0 mg Cl -1 for Station II). The seasonal trends in carbon biomass were broadly similar to those of total ciliate abundance, with two distinctive peaks (April and December) at both stations. A third increase in biomass occurred in August at Station I and in July at Station II (Figure 7) . At the time of the April peak, Spirostomum teres was the most important contributor to the total community biomass, comprising 28.5% of the total at Station I. At this time, Bursaridium sp. was the principal contributor to the total biomass at Station II and comprised 33.2% of the total biomass. At Station I, the bulk of the biomass during the December peak was due to Bursaridium sp., which accounted for 47.0% of the total. During the same time at Station II, Paramecium multimicronucleatum and Bursaridium sp. constituted about 49.1 and 33.7%, respectively, of the ciliate community biomass.
Average cell size
The mean size of total species of ciliates present at Station I and Station II was higher at Station I (1249 ϫ 10 3 µm 3 taxon -1 ) than at Station II (348 ϫ 10 3 µm 3 taxon -1 ).
Species diversity and dominance
Diversity index analysis of ciliate biocoenosis showed higher values for Station I than for Station II. The diversity values ranged from 2.37 (November) to 3.74 (June) at Station I, and from 1.69 (January) to 3.47 (May) at Station II. The trend in variability at both stations was 
D I S C U S S I O N
The species richness and diversity index values of the ciliated community in the present investigation were found to be higher at the moderately-polluted Station I (Talli Tal) than at the highly-polluted Station II (Malli Tal). Although a small increase in eutrophy increases ciliate diversity (Beaver and Crisman, 1990) , it seems possible in the present work that the very high level of pollution at Station I prevents the appearance and flourishing of several species. According to Shelford's law of tolerance, every environmental factor has its critical minimum and critical maximum. Salvado and Gracia demonstrated that ciliate diversity increases with increase in BOD up to a level of 30 ppm, but above 30 ppm, diversity plateaus out and then decreases (Salvado and Gracia, 1991) . It is likely that the threshold level of some factors, such as BOD, might have adversely affected the diversity of ciliated Protozoa at Station II. At Station II, other abiotic factors (except temperature and dissolved oxygen) were always at higher concentrations than those of Station I. Due to the release of free CO 2 as a result of oxygenation of organic matter and the respiratory activities of the microfauna at Station II, the pH (hydrogen ion concentration) at Station II was always lower than at Station I. The pH of Station II ranged from 6.5 to 7.25, with an annual average of 6.9, and this favours higher abundance of the ciliated community at this station (Bamforth, 1958) . At both stations, oxic conditions favoured the protozoan community (Finlay, 1981) . The nutrient supply in the form of nitrate-nitrogen and phosphate-phosphorus was always higher at Station II than at Station I. This high level of nutrients might favour particular species, or encourage a specific community of Protozoa to flourish at this site. The mean annual value of PO 4 -P at Station II was 71.0 µg -1 . The annual average community biomass did not vary much between the two stations (6.1 mg Cl -1 for Station I and 6.0 mg Cl -1 at Station II). At the time of the April peak, Spirostomum teres was the most important contributor to community biomass, comprising about 28.5% of the total biomass at Station I. At this time, Bursaridium sp. was the principal contributor to the community biomass at Station II, and comprised about 33.2% of the total biomass. At Station I, the bulk of the biomass during the December peak was due to Bursaridium sp., which accounted for 47.0% of the community biomass at that time. During the same period at Station II, P. multimicronucleatum and Bursaridium sp. constituted about 49.1 and 33.7%, respectively, of the ciliated community biomass. It can therefore be hypothesized that the major contributor of biomass was influenced by the particular ecological characteristics of that station.
In a previous study it was found that in Lake Naini Tal, high densities of phytoplankton occur in October and March (Sharma, 1980; Pant and Sharma, 1983) . When these organisms die, they decompose and consequently, a JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 4 . Seasonal variation in population density of total ciliates and Bursaridium sp. at mud-water interface of two sampling stations in Lake Naini Tal during 1995-1996. larger amount of bacteria become available for ciliated protozoa at both stations; this results in a peak in the phytoplankton population followed by a peak in the protozoan population, as was also observed in Lake Dalnee (Kamchataka, USSR) by Sorokin and Paveljeva (Sorokin and Paveljeva, 1972) . It was also found that due to an allochthonous supply of nutrients and organic matter at Station II throughout the year, a large bacterial population was provided for ciliated Protozoa at Station II. As a result, the community abundance was significantly higher at Station II (116 ϫ 10 3 cells -1 ) than at Station I (55 ϫ 10 3 cells -1 ). Furthermore, bacterivore species were more abundant at Station II, while ' Algivore-Bacterivore' species were more abundant at Station I. It can be expected that at Station II, being highly polluted, the large bacterial food supply could stimulate the development of Bacterivore ciliates.
The similarity in the seasonal oscillations of various parameters of community at the two stations such as species number, Shannon-Weiner's diversity, concentration of dominance, community abundance, community biomass and population size of individual taxa, suggested that seasonal oscillations at both stations were driven by similar forces (e.g. microbial food resources and various abiotic factors), but a significant difference in community structure at the two stations was observed due to availability of these factors. The analysis of Shannon-Weiner's diversity indices on ciliate biocoenosis at the two stations shows that a higher diversity in species concentration is favoured by a lower magnitude of pollution.
Another important result of this study was the clear difference in the size spectrum of ciliate taxa between the two stations. The average cell size of ciliates at Station II (348 ϫ 10 3 µm 3 taxon -1 ) was markedly smaller than that of Station I (1249 ϫ 10 3 µm 3 taxon -1 ). These data, along with earlier studies (Beaver et al., 1988; Beaver and Chisman, 1990; Amblard et al., 1993) , indicate that the size spectrum of ciliated protozoan communities shifts to smaller-sized species as pollution increases. This is because the number of bacteria increases with the increase in pollution level, and the small-sized ciliates generally feed on bacterial biomass. Since the number of bacteria increases with increasing pollution, and since small-sized ciliates generally feed on bacteria, the shifting of smaller-sized species towards the highly-polluted station is logical.
The lake typology, or the classification of lakes on the basis of indicator protozoan species, has been the subject of much discussion. Biological data, together with physical and chemical data, constitute an important tool for mapping the water quality of different water systems. The presence of a particular organism defined as 'bioindicator' constitutes the basis of the evaluation of water quality in streams and rivers (Cairns, 1969; Bick, 1972; Madoni, 1983 Madoni, , 1984 Madoni, , 1993 . Ciliates have been widely used in European countries for biological evaluation of water sources (Grabacka, 1985; Bereczky and Nosek, 1993) . In Italy, in particular, they have been used for biological evaluation of some streams and rivers (Madoni, 1979 (Madoni, , 1993 Madoni and Ghetti, 1981) . By determining the reasons why and how ecological factors influence the protozoan population, community structure, and the presence or absence of a particular protozoan species, the level of pollution and trophic status of a water body could be predicted and this cosmopolitan community used as a 'Bio-Indicator' of pollution. The presence or absence of a species is the result of succession with the long-term changes in the trophic structure of a site, whereas measuring physico-chemical parameters only foretells the present state of the site.
AC K N OW L E D G E M E N T S
The authors are thankful to Dr B. J. Finlay, Freshwater Biological Association, The Ferry House, Ambleside, Cumbria, England for the gift of a Sedwick Rafter chamber, and to Kumaoun University for providing financial support in the form of a Silver Jubilee Fellowship to U.S. 
R E F E R E N C E S

